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Abstract:

In the R&D effort towards a post-LHC hadron collider, Fermilab and LBNL are
deveoping 10-15 T NbsSn dipole magnets usng severd design gpproaches. These
magnets use NbzSn superconductor technology. NbsSn is a brittle materid and it is yet
not well known to wha extent it may be affected by thermo-mechanicd dress/srain
during a magnet quench, inducing temperatures above 300 K a the hot spot. Rapid
therma expanson of conductor and large temperature gradients during a magnet quench
can result in permanent critical current degradation and thus affect the performance of a
magnet. In desgning efficient quench protection sysems, it is necessxy to define the
maximum temperaiures that can be dtained in the coils during a quench. Although
critical current versus drain data are wel known for NbzSn, little is known how these
limitations apply to the case of a cable thermdly expanding in a magnet during a quench.
To messure the effect of the thermo-mechanical shock exerted on the coil during a
quench, an experiment was performed on a smdl magnet a LBNL. The experiment
description and results are presented in this note.
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1.0 Introduction

During quenches in superconducting magnets, parts of the coils can reech very high
temperatures if the proper protection measures are not taken. Even in the case of actively
protected magnets, it has to be determined which level of temperatures and voltages the
magnet can sudain without degradation. An upper temperature limit is given by the
melting point of the soldering (=500 K), since the quench might start near the conductor
joints. For impregnated coils, a second limit could be the glass trangtion point of the
insulation, which occurs at about 430 K for epoxy resins. At this temperature, the epoxy
becomes soft and, even if the trangtion is reversble, the changes in its dectricad
properties increase the probability of a short circuit. In the case of magnets using NbsSn
superconductor, an additional complexity is introduced because of the brittleness of
NbsSn, which can be permanently degraded in its current carrying capability, under the
effect of sress Simulations of the quench process for Fermilab’s NbsSn magnets, in the
context of a recent study of a Very Large Hadron Collider (VLHC) ™!, have reveded the
need to establish a maximum acceptable temperature that strongly affect the sze/cost of
the active quench protection system.

There are various possble ways to edimate the effect of magnet quenching and the
enauing thermo-mechanica dress on the critical current of brittle NbzSn conductor. One
way is to use finite dement modd cdculations of the dressegsrains induced in the
conductor during a magnet quench (induding a smulaion of the magnet quench process
itsdf), which can be rdaed to the wdl-known criticd-current versus drain
characteristics of NbgSn drands. Efforts to obtain a result from cdculaions with this
approach are underway at Fermilab and LBNL. A second way is to perform experiments
that reproduce as redidicaly as possble the thermo-mechanicd conditions in a cail
during quench. A fird experiment was peformed on cables within a collaboration
FNAL-NHMFL. The results of this experiment were published in 2 Bl Here we describe
a new expeiment recently performed on a LBNL smdl magnet, within the collaboration
FNAL-LBNL.

1.1 Concept of the Experiment

The coils are insrumented with a spot heater each, and two voltage taps across the
gpot heater section. The magnet is trained until a quench plateau is reached.

At a current below the quench current, a quench is started with one spot heater. The
quench is left propagating dong the cable instead of switching off the current
immediately, usng a pre-defined delay. The current in the norma-conducting meatrix
dlows a wdl-defined amount of heeting of the cable The norma conducting zone
propagates in the coil, with a temperature profile that goes from the pesk temperature of
the dating point, to the bath temperature in other regions of the coils and in the
supporting structure. The temperature gradients that are created in this fast process can
induce the sought thermo-mechanical stress.

Repested measurements of the quench current of the coils, after each excurson to
high temperatures, alow assessng the critica current degradation as a function of the
peak temperature during a quench.



TD-03-020
May 2003

1.2 General features of the LBNL Subscale Magnet Program

The Subscde Magnet Program ' [ was launched a LBNL with the am of
addressng R&D issues in a fast and cost effective way. In fact, building a smal magnet
(about 1/3 scale with respect to a short modd magnet) requires a much lower amount of
resources than a red scale, or even a short modd accelerator magnet. In addition, the
magnet structure is completely reusable. A sub-scde mechanicad mode was first used to
test the pressurized bladder technology for applying pre-stress to the structure ) a
technology that was then successfully used for short modd magnets (for example RD-3
magnet series). Each coil is made of ~20-meter long sub-sized cable (8 mm wide, 1.3 mm
thick), and tests can be peformed in a smdl cryodtat, without the use of large
background field magnets. Therefore, the Subscale Magnets are an effective way to test
state-of-the-art conductor.

The general LBNL Subscae Magnet parameters are:

- Heddrange 8—12teda

- Maximum current: 8 — 10 KA

- Magnet inductance: 0.2 —0.4 mH

- Stored energy: <20 kJ

- Two “double-pancake’ racetrack coils (i.e. each cail is wound in two layers without
interlayer splice)

- Conductor per coil: ~5 kg

Figure 1: RD3 magnet (in the back), and Subscae Magnet (in the front) (LBNL Supercon Group). '
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1.2.a Fedddidribution

The magnet design condsts of two “double-pancake racetrack” coils, connected in a
common coil configuration (i.e. the current in one coil flows in oppogte directions with
respect to the current in the other coil). As can be seen in Figure 1, the magnet has no
bore, and the coils are separated by a smdl gap. The fidd digtribution, computed for the
basdline configuration, is shown in Figure 2 and in Figure 3 [}, The fidd pattern is typicd
of racetrack coils in the common coil configuration: the fidd is maximum aong the inner
edge of thefirst layer and close to zero towards the externd side of the second layer.
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Figure 2: Magnetic field intendity (teda) in one quadrant of the cross section of the LBNL Subscale Magnet
(cdculated for SM0lat 9.9 KA).

The 3D analyss (Figure 3) showed that the pesk fidd occurs in the straight section
thanks to the effect of the iron of the yoke, the idand, and the pads, in the shape as shown
in Figure 3. The peek fidd intengty in the ends is about 10 % less than the pesk fidd in
the straight section.
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Figure 3: Magnetic fidd intengity (teda) in one quadrant of the LBNL Subscae Magnet, calculated for
SMO3 at 8864 A, with 3 mm gap between the cails, using the model shown in the lft corner (work
performed by M. Coccoli)
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1.2.b Ingrumentation and Test

The Subscde Magnets are usudly equipped with a very basc insrumentation,
consigting of a couple of voltage taps across each splice, a temperature sensor for each
module close to the splices, and some resgive dran gauges on the shdl mid-plane.
There are no quench protection heaters, snce the protection sysem relies on energy
extraction through an externd dump resstor of ~50 mW. Additiond indrumentation is
added when it is needed in order to study specific technologica issues.

The Subscde Magnets are tested at the LBNL-Supercon test facility usng a smadl
cryostat, which does not require the use of a refrigerator. Liquid hdium is transferred
from dewars.

There are two different data acquisition systems. One data system is used for
regigering the voltage sgnds during quench, with an acquidtion rae of 0.2-1 ms, which
is inversdy proportional to the quench duration (having a fixed data file Sze). Another
acquistion system is used to regider fast events, such as magnetic flux changes due to
conductor motion. The acquigtion rate is of the order of 10 ns.
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2.0 Test proposal and specifications for thermal shock test

As described in 1 the quench tests on cables, such as a the NHMFL test facility,
lacked some mechanical festures characterigtic of an accelerator magnet. In particular,
the mechanical support in the cross-section of the cable sample holder was wesak. The use
of LBNL smdl coils dlows a continuation and an improvement of the quench tests
program. In fact, the faclity aa LBNL dlowed the use of date-of-the-art NbsSn
conductor, in a mechanicd environment Smilar to that of an accelerator magnet. In order
to clearly see a degradation of the critica current, it is necessary to operate the magnet
close to the short sample limit, or to reach a reproducible quench current (flat plateau).
The LBNL Subscale Magnets, using standard cable and date-of-the-art NbsSn strands,
have routindly achieved the predicted short sample current in the past. . In addition to
ressons mentioned above, there were other factors, such as fabrication cost, hdium
consumption, and time required for measurement prepardtion, which made it more
advantageous to perform the quench test on a Subscale Magnet than on an accelerator
magnet model. Therefore, the LBNL gamdl magnet program was ided for the
continuation of the experiments for the investigation of the thermo-mechanicd effects of
the quench.

However, some details of the experiment set up had to be addressed in order to reach
the conditions required to perform the test. In paticular, previous testing of Subscae
Magnets has shown that the current decrease after a quench is very fast. Among the
causes of the fast current decay are high quench propagation velocities, especialy when
the quench occurs very close to the short sample limit, a smdl inductance, and quench
back induced by the current decay.

To understand the quench process in the Subscale Magnets, we looked at previous
quench studies, on one of these magnets, SMO1-a [8]. In paticular we compared the
guench process during two events that occurred during the test of SMO0l-a. One is a
“gpontaneous’ quench, occurred during training of SMO1-a and the second is a spot
heater induced quench, a a current just below the short sample limit. Figure 4 shows the
voltage imba ance between the two coils of the magnet.
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Fgure 4: Voltage difference between the two coils of the magnet SM01-a, after aquench occurred during
training and after a spot heeter induced quench. The voltage rise during the training quench ismuch
steeper than the voltage rise after the spot heater induced quench.
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We can see that during the “training” quench, the reddive voltage rose very fast
resching a dV/dt of 1000 V/s in ~1 ms. A few ms after the quench in the firs cail, the
voltage imbaance dropped, because the resstance in the second coil started to rise, due
to the so-caled quench-back. The voltage rise, during the quench induced by the spot
heeter, was much dower than during the training quench, and the quench-back did not
occur, during the 20 ms before the dump connection.

The rate of the voltage rise affects the current decay, as shown in Figure 5.

Magnet current (kA)

107

9
8
7

6 L

5
4
3
2
1

% Training quench
i' — — Spot heater
3 induced quench

oF+7——t——t—t—+

40 45 50 55 60 65 70 75 80
time (ms)

Figure 5: Current decays after a quench occurred during training and after the spot heater induced quench

during thetest of SMO01-a

The same figure shows that after the spot heater induced quench, the current decayed
by about 300 A in 30 ms (total DI/Dt = 10 kA/s), while, after the spontaneous quench, the
current decayed by ~800 A in 8 ms (total D//Dr = 100 kA/s). The instantaneous rates of
current decay are even higher (Figure 6).
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Fgure 6: Time-derivative of the magnet current for training and spot heeter induced quench of SMO01-a

To understand the quench-back phenomenon, we looked at the results of ramp rate
studies (see Figure 18, and [10]), which indicate that ramp rates of 200 A/s, or higher,
reduced the quench current to ~20% of the maximum current. On the other hand, Figure
6 shows that the quench-back did not occur, during the quench induced by the spot
heater, until the current drop was higher than the 50000 A/s. Therefore, we can say that
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the quench-back is not an immediate consequence of the current change, but there is a
time delay, possibly due to atherma response to eddy currents hesting.

In order to reach temperatures of 300 K or higher, some modificaions were
implemented in the experiment sat up, in order to keep the current a a high leved for a
longer time than in previous magnet tests. In fact, if the current remains amost constant
even dfter the quench, the quench propagation can be limited to longitudind and
transverse propagation, the quench back can be avoided, and the temperature increases
faster. During previous LBNL smal magnet tests, the power supply was st in the voltage
mode. In this mode, the current decreases according to the voltage rise. The current with
the power supply in current mode, was not very dable. It turned out that having the
power supply set in voltage mode, lead to faster current decays, and therefore worked
amog like apassve protection system.

In fact, quench smulations
showed that, in voltage mode, 250 r 10000
the current decay time is very 1 C
sengtive to quench 200 ¥
propagetion velocities. Since
there ae uncertainties
regarding the prediction of the
quench propagation velocity,
the quench was dgmulated
severd times usng different ] F
vaues of these parameters. 0= e 0
The results show that reaching ° s o2
temperatures of 300 K or _ o —
higher might_be difficult when Figure 7: Qumchp(;ouc:??hs\lgiqt;ogfvgglxylsd longitudinal
quench velocities reach 80 m/s
or higher (Figure 7).

Therefore, the power supply was set in the current mode, in which the sysem
supplies a congtant current dmost independently from the voltage of the magnet, up to
50-60 V. Non the less, in the firg thermd cycle, even though the current generated by
the power supply remained constant during quenches, part of the current flowed through
another branch of the circuit. This additiona circuit (condsting of a series of cgpacitors)
was used to improve the sability of the current during the ramp. In the second thermd
cycle, most of the capacitors were removed, in order to mantain high currents after the
quench until the voltage limit was reached
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21 Specifications for the thermal shock test

Nine coils were fabricated before the coil devoted to the therma shock quench test
(coil # 10, labeled as SC10). Four magnets have been assembled with these coils and
tested. The therma shock quench test was performed on Subscae Magnet # 5 (labeled as
SMO05), conasting of SC10 and SCO1 (coil # 1). Severd modifications were introduced in
the coil and magnet fabrication, in order to perform the thermal shock experiment.
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2.1.a Conductor characterigics

The cable for the Subscde Magnets is fabricated a LBNL-Supercon-AFRD,
superconducting cable group. The basdine conductor, used for most of the cails, is a
MJR conductor, produced by Oxford. The main cable and conductor parameters for the
two coils of SMO05 are liged in (Table 1). The relative reaction cycle is shown in (Figure
8). The cable insulation used is an epoxy impregnated S2-glass deeve.

The cable used for the fabrication of Coil 10 came from spool number S3-O-00817
(details in cable log-sheet in gppendix). The main difference between this cable and the
cable used for SCOL, is the copper content in the strands. The conductor for SC10 has
60% copper content, while SCO1 has only 50%. Therefore, even with the same Jion-cu, the
current capacity of the strands is lower for SC10 than for SCO1. In addition, the reaction
cycle chosen for SC10 (reacted together with SCO7 and SC09) was shorter than the
reaction cycle for SCO1. Test results of this reection cycle show a dightly lower critica
current dendty in the non-copper area, and a RRR rddively high for this type of
conductor. Conductors reacted with therma cycles optimized for high J;, can have RRR
as low as five. The lower critical current in SC10 than in SCO1 assured that the coil under
invedigation determined the magnet current limit. In addition, a high RRR will cause a
lower voltage rise, thus improving the gSability of the current before activation of the
dump switch.

Conductor parameters Cail 1 Cail 10
N of strands 20 20
Manifactor osT osT
CusC 0.87 15
Cablewidth  (mm) 8 7.84
Cable thickness (mm) 13 127
Strand diameter (mm) 0.7 0.672
Pitch angle (°) 159 159
Packing factor 0.83 0.83
Jo (A/mm2) @12T/4.2K 2265 1763
Iss (A)* 10010 9101
Bpeax (T) inthecoil &t Iss 11.82 10.57
CuRRR 41 54
Insulaion (mm) 0.15 0.15

Table 1: Conductor parameters of Subscae Magnet 5 coils.
* Best performance of SMO01 and SMO5 respectively.

SC10 was hest-trested following the cycle indicated in Figure 8 by the continuous
line, while SCOL hest trestment is indicated by the dashed line.

The criticd current of two “witness’ samples (two virgin strand samples reacted
together with the coil) was measured. The results are reported in Table 2. The totd field
reported in the table is the sum of the background field and the sdf-fidd induced by the
sample. The cable current is obtained by multiplying the srand current by the number of
strands (20), without taking into account possible cable degradation.
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Figure 8: Hest trestment cyclefor ScO1 and SC10.
Totd Fidd Strand Sample L 26 Caole Strand Sample L 35 Cable Average
(T) Current (A) Current (kA) Current (A) Current (kA)  Current (kA)
10.16 448 8.96 8.96
11.13 368 7.36 365 73 733
121 296 592 293 5.86 5.89
Table 2: 1. measurements of virgin strand samples, a 4.2 K, of the same strand type as used in cable 817,

used for SC10.

The short sample current reported in Table 1 is the maximum current reached during
the test of SMO5 (see Figure 29). The pesk field corresponding to this current, was
computed using the load line in Figure 9. This load line was derived from an OPERA
mode of SMO05, which takes into account that the actud dze of the ggp between the two
coils of SM05 was 7.8 mm (dightly larger than the gep of previous magnets). The point
of intersection between the load line and the strand critical current measurements is a 8.7
kA (8.34T), dightly lower than the 9.1 kA maximum vaue reached during tes.

14 1
3 —e—Critical current os SC10 cable
13 3 —m—Critical current os SCO1 cable
12 1 —a— Computed load line
§11 T
=10 T
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o 97
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O 87T
7T
6 L
5 — — | ——
9 10 11 12 13 14

Magnetic field (T)

Fgure 9: SM05 load line and strand critica currents for SC10 and SCOL. The measured
maximum current reached in SM05 test isindicated by thetriangle.

10
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2.1.b SCI10ingrumentation

SC10 was indrumented with a spot heeter in the high field region, voltage taps (VT)
across the spot heater (SH), and a temperature sensor (TS) close to the spot heater. The
oot heater and voltage tap positions over the inner layer of SC10 are indicated in Figure
10. The spot heater was put in a high field region (inner layer straight section), so that the
effect of loca degradation may result in a reduction of the magnet current.
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Fgure 10: Coail geometry and irﬂrumentaims:herﬁe(dl dimengonsininches[mm]).

2.1.c Cail fabricetion

After winding the firg layer, with the sandard tenson of 40 Ib over the cable, the coil
turned out to be thinner than expected, and an extra turn was added, for a total of 21 turns
per layer. The cable was found to be thinner because of a loose fit in the trandtion region.
The totd length of the cable used was 11.6 m for the firs layer, and 11.2 m for the
second. The coil instrumentation was inddled during winding of the second layer (top
layer, which corresponded to the inner layer of the magnet assembly).

ISC-10
TOP LAYER |

re 11: Spacer at the spot heater location and copper fIfr temperuresensor and voltage taft
reection.

(8 i

1
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A thin stainless stedl spacer (0.005") was inserted between turns # 10 and # 11, where
the spot heater was then insarted after the reaction. In addition, three thin copper strips
were placed across the cable, on turn #10. Two of these strips were to be used as voltage
taps, and one was used to attach the temperature sensor on it. The copper gtrips for the
voltage taps are 88.9 mm apart (center to center), and the strip for the temperature sensor
is 25.4 mm from the pot hester postion (Figure 11).

The danless sted spacer was removed after reaction to indtdl the spot heater. The
spot hester was fabricated according to a new desgn, to peform a four-wire
measurement of the resistance of the spot heater. The two voltage tap leads, and the four
gainless sted legs of the spot heater are connected to the circuit traced by photo edging
on a Kapton fail (“trace’). The Kapton foil was trimmed to fit the coil dimenson. Cuts
were then made corresponding to the voltage tep locations, exposng the dtainless sed
pad, over which the copper flags were soldered. The spot heater was cut dong three
Sdes, bent, and inserted between turn 10 and 11. The insulation between the spot heater
and turn 10 conssts of 0.002°-thick Kapton (opaque side of the trace) plus the cable
insulation. The insulation between the spot heater and turn 11 congsts of 0.0045’-thick
Kapton (glide sde of the trace, 0.004”, plus 0.0005" extra Kapton adhesive) plus the
cable insulation. A cut dlows the copper flag for the temperature sensor to come through
the Kapton fail.

hid

between two middle turns. The copper flags for temperature sensor and voltage taps emerge from the
Kapton foil of thetrace. (b) Copper flag for the temperature sensor protruding through the fiberglass
mat on top of the cail.

After soldering the voltage taps to the trace, a 0.005" fiberglass mat, with a cut to
provide passage of the copper flag carrying the temperature sensor, is lad on the cail.
This layer of fiberglass is intended to help the epoxy impregnation of the entire coil. It
prevents large air bubbles from being trapped, and prevents the formation of cracks after
cool down . After impregnation, the coil was inspected, and the impregnation was
satisfactory on the top layer, but there were some smdl voids in the bottom layer/lead
dde. However, snce previous coils have performed well despite the presence of smilar
voids, the coil was consdered acceptable, even with aless than perfect impregnation.
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Temperature Sensor
lan

Voltage Taps Spot Heater

(A wires)

Figure 15: Impregnated cail:
bottom layer (outer layer in
the magnet configuration),
lead end.

The temperature sensor (CERNOX type 1030-HD, package SD) was indaled after
the coil impregnation, and before magnet assembly. There is no bore between the two
coils, but rather a spacer, made of severa layers of insulation. Near the coils, are two

13
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NEMA plates (0.1 thick). It was decided to place a split spacer between the two coils, so
that the two layers would follow the coils when they separate from each other under
Lorentz forces. The NEMA plate adjacent to SC10 has a hole and a groove 0.065" thick,
in order to accommodate the temperature sensor and its wires. Two twisted pairs of wires
connect the temperature sensor leads, in order to alow one to perform a four-wire
measurement of the resstance. Stycast holds the wires in the place, and fills part of the
channd, up to ~2 cm from the sensor. A smdl dab of Apiezon N was put on the contact
area of the temperature sensor. The copper flag was trimmed to fit the sensor. A smadl
amount of RTV was usad to hold the sensor and to insulate the leads filling up the goove
in the plate, from the sensor to the stycast.

After curing of the RTV, a smdl plug of fiberglass RTV-impregnated was used to fill
the hole in the NEMA plate and to hold the sensor in postion. This materid was chosen
for the plug in order to dlow some pressure on the sensor and to improve the therma
contact. Thus, the use of a hard materid that could damage the sensor was avoided.

Figure 16: Temperature sensor under the NEMA layer with the groove for the wires, and ahole
for the temperature sensor; acap of RTV-impregnated fiberglass protects the sensor.

After the firg themd cycle, we carefully invedtigated the accuracy of the pesk
temperaure reading in the coil after a quench. It was then noticed that LHe would be able
to penetrate around the plug and come in close contact with the sensor, on the sde and on
the top of the sensor case, and at the lead joints. The additiond cooling, due to the contact
with LHe, is bdieved to be the cause of the reduced temperature reading of the sensor,
with respect with the temperaiure derived from the resstance messured during the
experimen.

2.1.d SMO5 assembly

As described above, in order improve current stability after a quench, it was decided
to increase the inductance as much as possble by opening the gap between the cails,
thereby changing the postion of the skins. All the dainless sted skins were replaced by
NEMA skins, and placed between the two coils. The gap increase between the two coils
decreases the mutud inductance of the two coails, thus helping to avoid quench-back of
SCO01.

14
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Figure 17: Magnet assembly.

Summarizing the main specifications for the assembly of SMO5:

- Low predress to dlow separation, and therefore fader traning (see training of
SMO01-aand SM01-b)

- Minimum size of thekeys 0.25" (6.35 mm)

- Ceaptured keys (to make sure they don't fal off when coils separate)

- From the dimenson of the magnet components, the sze of the centrd spacer was
caculated to be 4.953 mm (see Table 3).

The following is the procedure, outlined for the SM05 assembly, used to keep the
vertically oriented coil-pack in the shell Sructure, with a minimum coil pre-compression:

1. Set the coil on 0.25" keys.

2. Pump and purge the bladders 3 times to a minimum of 3000 ps (~20 MPa) to improve
rigidity of the cail- pack.

3. Bring the bladder up to 1000-1100 ps (~7 MPa)

4. Ingdl find keys (~ 0.25")

5. Depressurize bladders.

6. Bring bladder pressure up dowly until a key can be moved and record pressure (to
have a good measurement of the find pressure).

7. Depressurize and disassemble bladders.

15



Structure Thickness Um
Component (mm) (mm)
PAD 16.510
NEMA 0.127
MYLAR 0.076
NEMA 0.127
C10 16.764
NEMA (TS 2540 36.144
SPACER (316) 4.953
NEMA 0.127
MYLAR 0.076
NEMA 0.127
Seuil 16.764
NEMA 0.127
MYLAR 0.076
NEMA 0.127
PAD 16.510 33.934
Tota Coil pack 70.079
Keys 6.350
Shdll cavity 85.598

2.1.e LBNL ted facility setup for therma shock test

Table 3: Assambly of SM05 main parameters

TD-03-020
May 2003

The power supply was adjusted, in current mode, to provide a stable current. The
system supplies a congtant current amost independently from the voltage of the magn,
up to 50-60 V. Tests of the short-circuited power supply gave postive results.
Unfortunately, during the first thermd cycle, we noticed that the response of the power
supply connected with the smal megnet was different than the room temperaiure
measurements, and that the current drops quickly as for maintaining the voltage congtant
over the magnet. In fact, even though the current from the primary circuit of the power
supply remains congtant, part of the current flows through another branch of the circuit,
which conggs of a series of cgpacitors. This additiond circuit path improves the dability
of the current during the ramp. During the second thermd cycle, most of the capacitors
were removed from the circuit, in order to keep the current high at the beginning of the

guench (before the voltage limit is reached).

3.0 Program of the test

The following describes the program of the test, according to preceding caculations.

Beforetraining
- Check instrumentation

- Check quench detection system through Manual Trip a 1/lc = 0.3 (3000A)

- Check voltage Sgnds

- Current decay correspond to expected dump resistance and inductance
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Traning

After each quench, approximately

- Check voltage sgnds and quench location

- Check dtrain gages

- Current decay, MIlts and Tpeax if quench starts at spot hester segment location

Ramp rate
-Observe and register temperature sensors behavior
-Find the maximum ramp rate that does not reduce the quench current (di/dt)o

Spot heater study
- Check quench detection system through Spot heater induced quench at 1/1c=0.3 (3000A)
- Spot Heater Voltage and duration
- Check voltage Sgnds
- Temperature sensor spot heater data
- Current decay, MlIts and Tpeak COrrespondsto calculaions

Thermd shock Test

- Ramp magnet to about I/lss = 95%, at 8300 A, dump delay 40 ms, Spot heater induced
quench

- Minimum Spot Hesater Voltage to cause a quench and its discharge duration

- Check voltage dgnds

- Temperature sensor spot heater data

- Compare calculated predictions with real data for current decay, MlIts and Tpeax

- Ramp to quench at (dI/dt)o

- Check voltage sgnds and quench location

Spot heater induced quenches:

- Repest for same magnet current, dump delay timesto 60, 80, 100, 140, and 200 ms,
- Check voltage Sgnds

- Temperature sensor spot heater data

- Compare caculated predictions and red data for current decay, MIIts and Tpeax

- Check if voltage limit is reached in 60ms

After each spot heater event ramp to quench at (di/dt)o
- Check voltage signa's and quench location

1) If Tpear does not reach 400 K, because voltage limit is reached early:

- Ramp magnet to about I/l = 98%, at 8500 A, Spot heater induced quench, delay times
to 140, and 200 ms

- Check voltage Sgnds

- Temperature sensor data

- Current decay, MlIts and Tpeak COrresponds to caculations

- Training quench at (dl/dt)o

- Check voltage signas for quench location and system OK

17



TD-03-020
May 2003

2) If Tpear still does not reach 400 K (because the quench is propagating too fast):

Repesat at |/l = 85%, a 7500 A, Spot heater induced quench and again at 7000 A, and s0
on, reducing the magnet current by 1000 amps esch time. The reduced current should
reduce quench propagation velocities and increase total Ml lts collected during the event.

4.0 Description of the Test

Before performing the therma shock experiment, severd tests were performed on the
magnet according to the program of the test reported in the previous section. Among
those, the resdud resdivity ratio (RRR) of the coils was measured during cool down.
The measured RRR of SC-01 was 41, and the RRR of SC-10 was 54.

41 Training and ramp rate study

The magnet training Sarted by increasing the current up to the firs quench, with a
ramp rate of 15 A/s, and holding every thousand amps for a while, following the standard
test procedure at LBNL. The very firs quench occurred a low current due to low liquid
helium level. The second quench occurred at 97.7% of the computed short sample current
(SS). The magnet trained very fadt, reaching 101.3 % of SS a the fifth quench. The
highest current reached during the first therma cycle was 8757 A (1047 T), with a ramp
rate of 15 A/s.

1.2
Quench History SM-05
1.0 PO S S o A
B Aala =

0.8 1 A
2 # Training A
S 0.6 1 mRamp Rate Studies A

A Spot Heater Studies A
0.4 -
A
0.2 1
|
.0 —b m—2mmmam™m} ——n+m—"-"m-"tt
0 5 10 15 20

ramp number

Figure 18: Quench history of SM05-firgt thermd cycle.

The brief training was expected, based on the previous experience a LBNL with
anall magnets. In fact, it was previoudy noticed tha applying low pre-stress dlows the
coils to separate easily during magnet excitation 9. It was chosen therefore, to apply a
low pre-stress (see previous section 2.1.d) in order have a fast training, to dlow for more
time to the thermal shock test and to reach a clear quench current plateau.
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During current ramps, the fast data logging system registered severd events, smilar
to that shown in Figure 19. These events are interpreted as fast motion of conductor, or
part of the coils. In fact, we see tha the sgnds related to each coil have opposite signs,
and therefore can be diginguished from power supply induced noise, and ae dso
different from spikes due to flux motion in the superconductor, which last a fraction of
ms (Figure 20). Some of the fird traning quenches were anticipated by such a fast
motion signa. Successve quenches were not anticipated by fast motion (Figure 19-b),
showing improvement in the training process.

2000 j 1000 .
1500 ' (P (L ‘N\/‘J
1000 +— h W IW 111 Ve VR T el VT | 5%

g 500 I y F——————————nb101 G Mﬂfv

:-{;" 0 -"""-'il" | ‘ Tib —D1 %’ 0 '-»‘.-ﬁé\'A-»;‘.Nl(.:ﬁ-.‘~4MM:7£§-WAV’.'~P-«.6=<#? P

> -500 § (iR D10 | V 5 1

‘ ——D10-1
-1000 ! -500 o
-1500 T | i ‘ o10
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Figure 19: Fast motion event triggering quench # 2, and quench # 6 in SM05; the signds correspond to the
voltage derivative over coil 10, cail 1 and the difference between the two (D10, D1, and D10-1)
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Fgure 20: Fast motion (“stick dip”) and flux jumpsin quench #11 in SM05; the sgna's correspond to the
voltage derivaive of the difference between the coil 10 and coil 1.

After the training, the ramp rate dependence was measured (Figure 21). The ramp rate

dependence of SM05 was smilar to that of other small magnets. It is characterized by a
quick drop of the quench current at ramp rates between 100 and 200 A/s 9.
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Figure 21: Ramp rate sengitivity of SM05.

4.2 Spot heater study

During the magnet test, spot heater studies were performed with the god of finding
the quench energy deposition needed to initiate a quench.

The spot heater was connected with an eectronicaly controlled capacitor bank. The
power supply eectronic interface dlows setting the charging rate and reading the actud
voltage over the capacitors from a display. Since turning on and off the capacitor bank
caused spikes that would induce a quench when the magnet was charged, the procedure
for the quench energy tests was the following. Just before the ramp of the magnet current,
the capacitor bank was turned on at a dow charging rate. At the end of the magnet current
ramp, the voltage level in the capacitor was read, and the capacitor bank was fired.

At currents of 6 kKA or beow, the initid low voltage discharge would not induce a
quench; when the voltage level was raised further, a quench was initiated. This procedure
unfortunately prevents us from firing smal energy amount corresponding to high currents
in the magnet. In fact, a 6 kA, the voltage over the capacitor bank inducing a quench was
40 V (about 20 times the voltage over the spot heater itself). For currents of 7 kA or
more, the magnet ramping took about five minutes @ more, the capacitor charged up to a
voltage over 40 V, and the capacitor discharge would induce immediately a quench.
Table 4 reports the voltage over the capacitor bank during the quench test. The last row
reports the voltage over the spot heater when the power supply was fired.

Magnet current (KA) 85 8 7 6 5 4 3
Voltage over bank capacitor (V) 46 40 11 32 28 24 20
40 35 35 34

39 41 41

42 46 47

69 52 49

62 55

58

67

Quench voltage over PS (V) 46 40 41 40 69 62 67
Pesk valtage over SH (V) 210 1.96 1.98 1.86 332 2.98 3.18

Table 4: Quench energy test: voltage over the bank capacitor and over the spot heater (V)
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However, it was possble to cdculate precisdy the energy amount that induced the
quench, by integrating the power deposited in the coil from the dsart of the capacitor
discharge until the moment the quench started. Figure 22 shows the spot hesater event a 5
KA. The results of the quench energy test are summarized in Table 4 and in Figure 23.

dv/dt (V/s), voltage (V), current (A)

18 7 f
] —+— DV/dt coil segment TV/s)

| —— V spot heater|(V)

16 1

14
12
10
8
6
4
2

-2

| spot heater (A)

_7.1,3..‘..1.‘ !

i“"'ﬂ"‘"f

——tt+——t

60 80 _ 100 120 140
time (ms)

Fgure 22: Spot heater event HO7: voltage rise (V/s) of the spot heater segment after capacitor discharge
and the voltage (V) and current (A) in the spot heater.

Ramp # M agnet current Energy to quench Timeto quench SH peak power

(kA) (mJ) (ms) w)
HO1 80 25 6 451
HO2 80 19 76 265
HO3 84 14 55 2.75
HO4 80 17 85 232
HO5 7.0 31 145 243
HO6 6.0 58 395 214
HO7 50 115 21 6.79
H08 4.0 145 39 548
H09 30 201 52 6.29

the spot heater.

Table 5: Minimum quench energy data: energy and time to quench after heater firing, and peek power in

We have to notice that the energy amount reported here is not released solely in the
drands, but it is digributed over the spot heeter itsdlf, the insulation of the spot heater
(both sdes), and the insulation of the cable. Therefore, the energy values reported here
can be regarded as upper limits to the minimum quench energy. A therma mode could
help estimating the energy released into the cable done.

21



TD-03-020

May 2003
250 1 T

] \ & Energy to quench (mJ)

1 AY
P 200 I AN B Dtto quench (ms)
Eg ] \
= = ] \
o C + AN
£ 5 1501 -
> % 1 \\
g =g ] S L J
> 2 100+ ~ 051X
> a1k -
g QE) 1 y= 210.12e 0.41 '\\ y= 11251739
= R*=0.86 e 10098

50 T u - m -
] Se~__
: w7 %
0||||I||||I||||I||||I||||I||||
2 3 7 8 9

4 5 6
Magnet Current (kA)
Figure 23: Minimum quench energy study: energy and time to reech quench after heater firing.

4.3 Thermal shock study

4.3.a Themd cydel

The therma shock test began following the test plan, ramping the magnet to 8000 A
(I/lss = 93%) at 30 Als, setting a short dump delay time (10 ms), and inducing the quench
with the spot heater. The short delay time was chosen in order to check the procedure,
before causing damage to the magnet with a“thermal shock” type test.

In paticular, we tried to find a minimum spot hesater voltage to induce the quench,
with  minimum discharge duration. In fact, a more powerful capacitor discharge can
enhance the normal zone propagation speed, increasing the resistive voltage growth, and
therefore shortening the time before reaching the voltage limit of the power supply. As
described in the previous section, we discovered that it was not possible to have such a
low voltage, short pulse.

After the spot heater event, we

checked the voltage signds, the data of 103 / ——imag (
the temperature sensor a the spot 8 ] P VoL
heater, and we compared the calculated ] — V10V
predictions with the red quench 671 Vmag

integrd and pesk temperature data. In
Figure 24, we see that after the quench,
the current is not congtant, even though
the voltage over the magnet did not

Voltage (V)
Current (kA)
iy

N
Lrr iy
T T

o
11

reach the power supply voltage limit. "\ — T
The current fdl to 7.4 kA before the 2
dump switch was activated. 40 50 60 70

The test continued by repeating the spot heater induced quench a high current, with
higher delays (40 and 60 ms). The voltage sgnds of these events (HO3 and HO4) show
clearly that quench back occurs in SCO1, 13-14 ms &fter the quench start in SC10 (Figure
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25). After the quench back, the voltage over the magnet rises fadter, inducing a faster
current decay. Before the dump activation, the current was ~4 kA in HO3.

80 3 V magnet (V) T9

707 V SCO1 (V) 18

60 V SC10 (V) 17
50 _ Magnet current (kA) | 6 5
%3 (5
% 30 — - 4 §
827 35
10 } L2 8

0 Ferrest Bt P gt 1

10 ¥ V “ / TO

-20 2 -1

120 130 140 150 160 170 180 190 200

time (ms)

Figure 25: Spot hester event # 3.

To reduce the quench propagation velocity and to avoid quench back, we continued
the series of gpot hester events lowering the magnet current, and increasing the dump
delay times. At 6 kA, the quench back was delayed to 70 ms, and a 5 kA and lower the
gquench back was not vidgble The maximum temperature registered by the Cernox
thermometer was ~156 K, during last spot heater event.

After HO9, we decided to check the short sample current, by ramping the current to
quench a 15 A/s. Unfortunately, the magnet quench prematurdy because of the low
liquid Helium leve in the dewar. In fadt, the liquid leve in the cryostat was about 60 %,
and the leads were cooled only by cold gas. In order to have cooling of the leads a liquid
levd of 80% is usudly necessary. In addition, the temperature sensor shows that the
magnet did not recover completely from the previous temperature excursion, because the
cooling rate was much dower. The voltage signas of Q10 show that the quench did not
gtart close to the spot heater segment, but most likely started close to the splice of coil 10.

The test series was interrupted at this point because of liquid Hdium avalability. It
was decided to warm up the magnet to room temperature, to perform a thermd cycle,
while andyzing the data and planning for another test series with higher pesk
temperatures.
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Figure 26: Temperature (K) registered by the Cernox sensor during last spot heater event and the last
quench of thefirgt thermd cycle, and theliquid levd (%6).

4.3b Daaandyss-firsa theemd cyde

The data andyss condged in examining the voltage sgnd of the cable segment
close to the spot heater, and the dgnads coming from the adjacent coil sections. One
section included the hdf turns of the inner layer, from the spot heater to a plice
(V10inner). The other section included the outer layer, and the other hdf turns of the
inner layer, that is from the spot heater to the other joint (V" 10outer).

As an example, we present here in detall the last spot heater event of the firgt thermd
cycle (H09), and the main results of dl the other events. Figure 27-left shows the voltage
ggnds and the current decay during HO9. The resstance (Figure 27-right) was caculated
dividing the voltage by the current (no inductive dgnd compensation, since the
inductance was smdl).
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Figure 27: () Main voltage and current Signas of the last spot heeter event of thefirst thermal cycle; (b)
Resistance growth.
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From the resgtance, we derived the pesk temperature by comparison with the
resstance measured during the magnet warm up, after the second therma cycle (see
resstance calibration in gppendix). We can see in Figure 28 that the pesk temperature
reached during last event of the first therma cycle was 340 K.

Table 6 summarizes the thema shock series in the firgt thermd cycle. The pesk
temperature measured via the resistance of the cable (340 K) is much higher than the
temperature measured by the sensor during the quench (196 K).
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Fgure 28: Temperature and current of the last spot heater event of thefirst therma cycle.

Ramp Current Dump Quench back Mllts T sensor R SHseg T SHsy
# (kA) dday (ms)  timeSCOL(ms)  (10°A%) (K) (mOhm) (K)
HO1 80 10 14 1.29 80 0.074 &4
HO2 80 10 14.2 131 80 0.074 80
HO3 84 40 13 211 102 0.161 128
HO4 80 60 165 231 110 0.191 144
HO5 70 80 33 2.79 120 0.240 175
HO6 6.0 120 69.5 363 160 0.385 295
HO7 50 140 117 363 152 0.386 285
HO8 40 250 2845 387 174 0427 325
HO9 30 500 470 412 195 0440 340

Table 6: Spot heeter events— | thermd cycle.

4.3.c Second thermd cyde

Before the second thema cycle, the power supply was dightly modified, by
removing capacitors from the circuit, which subtracted current from the magnet after the
guench. This modification dlowed a congtant current for a longer time after the quench,
until reaching the power supply limit. At tha moment, the current Started to decrease
rgpidly, and then quench back occurred in SCO1. The power supply modification
therefore helped increasing the temperature more rgpidly during the quench.

The firgt training quench of the second thermd cycle occurred a 8810 A, a current
not yet reached during the first therma cycle. After this quench, we proceeded with the
therma shock test. Table 7 lists the main parameters of the spot heater events.
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Ramp Current Dump Mllts RsHseg Tstiseg T sensor

# (A) (ms) (10°A%) (mOhm) (K) (K)
H10 5.0 200 37 0.393 292 194
H11 3.0 440 40 0.390 290 183
H12 30 440 40 0.388 289 185
H13 30 440 40 0.387 283 191
H14 30 450 37 0334 249 165
H15 30 450 39 0.365 271 193
H17 30 514 41 0.401 299 198
H18 3.0 800 47 0.50 371 245
H19 30 1148 50 0.56 420 286
H20 30 1600 54 0.61 451 311
H21 3.0 2000 56 0.67 496 337
H22 30 2500 58 0.70 518 349
H23 30 3500 6.1 0.78 579 422

Table 7: Spot heater events— |1 thermal cycle.

The therma shock test events of the second thermd cycle are summarized in Figure
29. Each event is represented by a quench number (numbers continued from the first
therma cycle) and a quench current (primary axis on the left), or a pesk temperature
(secondary axis on the right). The quench current points (diamonds and squares)
represent the case of ramp-to-quench events, performed in order to check the short
sample limit, and therefore to assess the magnet performance. The pesk temperature
points (triangles) represent the case of thermal shock events. The quench current points
are represented by sguares in the case the quench started within, or &, the voltage taps
close to the spot heater; by diamonds, in the case the quench did not dtart in the spot
heater segment. In this case, the quench usualy propagated to the spot heater segment
after afew ms. The quench istherefore believed to be related to norma magnet traning.

During the firg therma shock event at 5000 A, the peak temperature reached about
300 K, even with a dump delay of 200 ms (60 ms more than the previous event at the
same current). Not yet understanding the problem limiting the temperature rise, a second
heater induced quench was peformed a 3000 A, which resulted in the same pesk
temperaiure. After few other events a the same current, the cause limiting the experiment
was discovered and resolved. The protection system had a limit to the voltage over the
leads, which activated the dump switch before the set delay time.

The experiment continued thereafter repeating spot heater induced quenches at 3000
A, with increesng delay times. After reaching a pesk temperature of 370 K, the short
sample current was checked by ramping up the current to quench. The magnet reached
9028 A, not showing any sign of degradation. The quench started close to the spot heater;
in fact, both the spot heater segment and the outer coil Sgnals darted at the same time,
while the first coil sgna had a very short ddlay of 0.4 ms.

During the following spot heater event, the magnet pesk temperature reached 420 K.
The following quench current was a the same leve as the previous quench. The quench
seemed to Start close to the spot heater, with dl three signdsrising at the sametime.
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Figure 29: Thermd shock tests during the second thermd cycle: quench current for performance check
tests (referred to the left axis) and pesk temperatures during quenches for thermal shock tests (referred
to the right axis). Arrows highlight the first occurrence of de-training and re-training.

During the next spot heater event, the magnet pesk temperature reached 450 K, and
the following quench current was 8311 A, 700 A below the previous quench current (8%
current decrease). The voltage signals again indicate that the quench dtarted close to the
oot heater, with al three Sgnds rigng a the same time. During the following current
ramp, the magnet quenched at 8830 A, beginning from the spot heater region. The
following quench occurred a 9100 A, the maximum current reeched by the magnet. The
quench did not gart within the spot hester segment, where the voltage sgnal began risng
4 ms dfter the Sgnas from the other two sections of the cail.

The following spot heater event, lasting two seconds, brought the temperature up to
~500 K. During the next current ramp, the magnet quenched at 8670 A, 4.3 % less than
the previous quench current. The quench darted smultaneoudy in al three sections of
the coail, including the spot heater segment. The following quench occurred a the
maximum current of 9101 A. The quench did not dart within the spot heater segment,
where the voltage began riang 4 ms after the voltage d the other two sections of the cail.
During the next current ramp, the magnet quenched a 9077 A, just beow the maximum
current. The quench sarted close to the spot heater, very close to the outer section
(reached in 0.4 ms), and then propagated to the inner section (in 1 ms).

The following spot heater event, lagting two and hdf seconds brought the
temperature up to ~520 K. The following quench occurred at a current of 8796 A (34 %
less than the maximum). The quench dgnds dated smultaneoudy in al the three coil
sections. The following magnet quench occurred a 9094 A, not within the spot heater
segment, where the voltage darted risng 4 ms &fter the voltage of the other two coil
sections, asin the previous cases a this current level.
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During the fina spot heater event (Figure 30), after a delay of three and a hdf
seconds, the temperature reached ~580 K. The following five quenches al occurred
below the maximum current and darted close to the spot heater together with the sgnds
from the other coil sections. The quenches occurred a 8287 A (8.9 % less than the
maximum), then a 8364 A, then a 8830 A (3 %), and findly, decreesng a smdl
percentage, a 8791 A (34 % below the maximum current). This was the last quench of
the second thermal cydle.
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Figure 30: Last spot heater event Sgnals (Ieft) and peak temperature (right); aso shown the comparison
with HQ9, last spot heater event of therma cyclel.

43d Summary of thetherma shock test results

A sub-scaled magnet was built and instrumented to measure the effect of the thermo-
mechanicad shock during magnet quenches. During the tedt, the magnet reached the short
sample current a 9100 A, corresponding to ~10.5 T. By choice of the ddlay time of the
dump switch, higher and higher temperatures were reached during each quench. After
each high temperature excurson, a quench current measurement alowed assessng the
magnet performance.

Temperature excurdons up to 420 K did not diminish the magnet quench
performance. Only after temperature excursons up to 450 K, did the magnet show
detraining effects, which occasonadly reduced the quench current by about 8 %. Signs of
irreversble degradation (a reduction in the maximum current by about 3 %) appeared
after temperature excursions up to 580 K.

A more dealed andyss of the quench and the mechanicd anaysis are in progress,
and will be reported in the future,
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Appendixes
|. Cablelog sheet
oemAToR. 1 Hige AR Pl —

CABLE L0 SHEET

LANI

-SUPERCON-AFRD
SUPERCONDUCTING MAGNET CABLES
HILD 52 S=c

Cojective - uua-.mf%mm.mu
- STRAND INFORMATION -

MAMUPACTURER ; [ O, ——
BILLET # | (e (630 Gee 0817 CRELG-B s
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STRAND D NOMINAL : [ Tmm AP, DA | 070115 mm sverage.

LESNSTH PER SPORL : | Sl o= 000817 _ORE| b

4|
STRAND TEMSR: | 13 kg o &5 w:l.u.ou. w1
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RESIDUAL TWISTMIr: _Less thas 003 ] il

WNOTES - Had some diffiontty with gaps bereeen sirands. W determined that this was doe i
roduced strand diametey.  Eardier cahies wsed 7T Lmm seremd teis cable is M0 lmm.
We decided 10 nedeced the pitch lesgit o compessaie. The fire Im & the point eod of this cable ar at the
longer 4 §mm pitch lengis, The Im sampie prven for §0sisck mome from the @il mdaf tis m Also
see phoographs of Mgl paper core st gChPapseCove- Tesl-3 3000817 JFG

“Note. The fird nine meters have some variability. This will be desgnaed as the point
end. We will insulate the cable and leave the Point end at the hub un-insulated.
Vaues reported here as average are only for the fina 45.3 m of cable on the spool.”
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Rum: Tikle SUH=3-0-Ea 1T

R Dt B9 14-2Pi
HIBH HIGLEY
EVAM PALMERS TON
CHECTYTE .53

Comment: After SC04 30 m were left. SC10 used about 22 m. Therefore, most of the 9 m
cable segment at the “ point end” was probably not included in the coil.

Il Temperature cdibration during warm up

In order to edimate the pesk temperature reached by the segment of magnet
undernegth the spot heeter, the magnet was indrumented with two voltage tgps that
enclose the postion of the spot heater and read the voltage across a 89 mm segment of
cable. In order to have a reliable and accurate estimate of the temperature of the segment,
we found it was necessary to perform a cdibration of the resstance of the segment, as a
function of temperature. Therefore, during the magnet warm-up, the resstance of the spot
heater segment was recorded, together with the temperature at different locations. In
addition, the magnet was heated up to 330 K, in order to determine the linear dependence
of the resstance a room temperature, and to extrgpolate the resstance a higher
temperatures. The magnet was heeted by applying a current through the coils and by an
externa hester placed in the bottom of the cryostat. To warm up the magnet faster, a DC
current of 10 A was gpplied to the magnet, while the bottom hesater was st to its highest
power setting (50 V, 2 A). This brought the temperature from 150 K up to 330 K. When
the temperature reached 330 K, the magnet current was reduced to 0.5 A, and the resistor
was switched off. Figure 31 shows the temperature, as a function of time, recorded by the
two platinum temperature sensors and by the CERNOX close to the spot heater in coil 10
(TSC10). The two platinum sensors are attached to the magnet shell. One sensor is close
to the lead end of the magnet (Ttopl5), and the other is close to the return end (Thot15).
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Figure 31 temperature sensor data during warm up.

Above the initid trangtion phase, the temperatures registered by these thermometers
are close to each other, indicating that the warm-up procedure was dow enough for a
uniform temperature didribution over the entire magnet. The Cernox sensor was not
accurately calibrated before, while the two platinum sensors had aready been cdibrated
in the past. Therefore, the Cernox sensor was cdibrated over the Ttopl5 sensor, in order
to get a better estimate of the temperature. Figure 32 shows the resistance as a function of
temperature recorded by the top platinum temperature sensor.

Since the recovering curve to room temperature was dightly different from the warm
up, a second warm up to 330 K was performed with Inag = 0.5 A and maximum power in
the resistor, on order to find the source of the discrepancy.

There are three sources of heat ingde the cryostat during the operation:

1. Temperature sensor. when the power in the sensor it is too high its cooling
capacity can be impaired, and the sensor can read a higher temperature than the actua
temperature. This effect should be negligible because the temperature sensor is read with
afour-wire sygem minimizing the power insde the sensor during the time of the reading.

2. Magnet: if the power in the magnet is too high with respect to its cooling capacity
the temperature of the magnet is higher than the temperaure at the platinum sensors
locations (temperature sensor lags behind in responding). With 10 A in the magnet, and a
resistance per length of ~4.5 mOhm/m, thereis a heat source of 45 mW/m in the coil.

3. Heater: if the power in the resgtor is too high with respect to the heat capacity of
the magnet, the reading of the resstance of the magnet could lag behind the temperature
of the environment.

To better estimate the effect of the resstor compared to the effect of the heat
developed by the cail, the resistor was turned ON, to its maximum power, and the current
a left 0.5 A. It was concluded that the effect of the resstor is negligible compared to the
effect of the heat generated by the current in the magnet. The warm up curve with the
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resistor ON, and hag = 05 A, was within the error of the measurements of the cooling
down curve (resstor OFF, Imag = 0.5 A).

Secondly, the error in the voltage readings was checked. A smdl the offset in the
voltmeter reading the magnet voltage was measured. This offset affects more the
measurements at low currents, while it is negligible a 10 A. It was then concluded that
the first calibration curve was correct.

Figure 32 shows the comparison of the resstance measured as described above, and
data from literature. The resistance has been caculated from resdivity vaues and
geometrica factors, including the Copper content of 62.5 %, the trangpostion pitch of 17
degress, and a length between the voltage taps of 93 mm, which corresponds to the
distance edge-to-edge. We can notice that the measured resstance is slightlly higher than
the value expected for oxygen free high conductivity Copper (OFHC ) at 293 K
(r ,=1.69- 108 W. m) of about 10%, and about 4% with respect of data from measurement
of NbTi strands 2 (r,=1.8- 108 W: m). The parameterization of the Copper resistivity
from NIST [*¥1 gives aroom temperature vaue of r ¢,=1.76- 108 W. m.

45E-04 T
F o Cures. from NIST/B=1T
4.0E-04
T SC10 cable meas.
3.5E-04
T W Cu res from OFHC Ref. Met book
% 3.0E-04 I X  Cu res. from NbTi meas.
B’ 2.5E-04 T
o F
§ 20E-04 %
0 T
(f) =+
¢ 15E-04
1.0E-04 -
5.0E-05
0.0E+00 =" —+—+—+—+—+—+—+—+———+—+—+———+—+—+———————————
0 50 100 150 200 250 300

Temperature (K)

Figure 32: Resigtance of the cable segment benegth the spot heater vs. temperature: comparison of
measurement and data from literature.

Figure 33 shows the extrgpolation of the data measured in SC10, and the comparison
with data of HFHC Copper. The difference in resstance between the two curves remains
within 10%, up to 600 K. The difference in temperature remainsis also about 10 %.
The linear function used to gpproximete the datais

T = (R[ohm]+1.96- 10°)/1.35- 10° [K].
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Figure 33: Resistance of the cable segment close to the spot heater vs. temperature: comparison of
measurement and data from literature.
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